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Abstract. T’hc  kz potential I,ovc  number which scales the
tidal cfcfonnation  of Venus by  the Sun has fmcn  estimat  ccl
fro])] l)oIJjIkJ  tlacking o f  Magcllan  a n d  I’ioncm  VCHILIS C) J-

biiel (1’VO)  spaccctaft  d a t a .  The uominal raag,e  fo]  kz flom
tllcorct,ical ITmdcls i s  0 . 2 3 <  kz < 0 . 2 9  fo] a ]iquid ilon COIC

aIId  about,  0.17 if tllc iro]l  coIc has solidified. OUI best esti-
mate of this paramctc]  is A-2  = 0 . 2 9 5 4 .  0 . 0 6 6 ( 2 x  forma] cr)
WIC1  su~)ports the hy])otbcsis that Venus core is liquid.

l]ltroduction

Infcrriag  intcvnal  Structul c of Venus using orl,ititlg spacc-
craf(  d a t a  until n o w  h~a.s  bec]i limit cc] to ]tI.ass, raclius  and
nmall  dcmsit  y, with inclcascd  accuracy but litt IC additional
irkfo] ]Ilatio])  than had almacly hem o b t a i n e d  f[olll  glouncl-
lmscd  raclar echo  d a t a . ‘1’hc ]oost  r e l e v a n t  fcatule  is that
Vmius  a])pcars  sli~btly UIICICU d e n s e  r e l a t i v e  t o  lht h, a]lcl
this  call  either  be accounted for  in  terms of  a  490 smallm
ire)]) CCIIC o] a  2% lower densi ty mantle  (Ringwood  allcl Ati-
dmso~l  1977). Analysis of Vcmcra  lancler X-] ay fluolescencc
data suggests  an cart h-like basaltic c1 ust (Nfoloz  1983), ‘J’}ic
allsc’llcc of all internal ly gene]  atcd magtw tic llelcl s u g g e s t s
that eithcl  the Cole is entirely Iic]uicl (Stcwclmorl  et 0/. 1 983)
01 colo],lete]y s o l i d i f i e d  (A]kani-lla]ned  and ‘1’okstk 1984).
Vmus’ slow lotation  and mcaa  solar ticlcs  raise a }lyclmst  at ic
oblatmms  or ,12 gravi ty cocfflcicni  which is  about  25 times
slttallrv  t]tan t]le o b s e r v e d  ,J.z ❑ 4.42 x 10- 6 which is p] illiar-

ily due to a  combinat ion of  t.ol)c)glaphy  and i]ltel  ]Ial lateral
dmlsily  wwiaticms,  the latter whic}l  drives malitlc  coll\mtiorl
( c .  g Kiefm c1 01. 1986) Ilcu,ce  the obsm  vcd .lz ca],,~ot  l,c
c][)~)loycd to illfel a 1 adial clcnsity S( ructuw const t aizlt  ( i . e .
po]a]  ]no~lmnt  of inel  tia) as is clone for Na] th, hflars  a]lcl t]lc
.giallt ],lal]cts  ar]d  sonic planetary satell i tes.

‘J’he  ex~wctecl  Magcllan  (MGN) l)oI>}JcI  sigtlaiule fl cnl)
sc~licl  tides 011 Venus i s  a b o u t  O.lmln s - 1 a n d  is t IIe sa]nc
siy,e a s  tbc l>lec ision  as  tllc lixlc-of-siglit  I)olI~)lcl  ]orasulc-
]l)c])is  svcragcd  over 10 seconds. 1’0] long, w a v e l e n g t h  (on
tllc 01 c!m of a clay) the mean of the I)opplcr ]ncasul cmmits
SI)OWS scat tcr at tllc 0,02 mm s - 1  level.  ‘J’his  mcasulclr]ctlt
of[cvs t hc oIJpol  tunity t o  p r o b e  s u c h  feal  urcs :Ls cole ]icp
uidity,  co]e  size,  mantle  d e n s i t y  a n d  ]oantle I igidity  wit}l
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cot]sidcl  able sclwitivity  ~Jrcrt ly because  t h e  model 1 a]]gc  fol

A-J is fairly  broacl  co]]lpared  to that, fo]  t}m polar m o m e n t .
‘1’lIC I.ove  na]nbcr  rmc]  CO]C Iadius  fol an e a r t h - l i k e  core

a))d ]oautle cornposit  ion  aud t.hcu mal profi le  is  0.255  a u d
3 1 2 0 k l n .  r e s p e c t  ively (Yodcr  1995).  g’hc  cflmt of ~rzLrying
core r adios and mantle I igidity p 00 kZ ale ]]early irldcjwn-
dc]lt. q’he p r e d i c t e d  pa]tials  kZ fc>r t h e s e  t w o  p a r a m e t e r s
al c

(1)

Lla]lt  lc aud core  dcr]sit  y })rofiles  am fixecl for t}~e r ig id i ty
lxutial. l~or the core raclius part ial ,  mantle  dcllsity p r o f i l e
is alscI fixed  e x c e p t  rlea~ t h e  c o r e  rnant]c bcm]]dary.  Ill  acl-

ditiml, core mass and densi ty arc adjusted to maiut,aill  the
to t  al ma%s const rai!lt. A mom p h y s i c a l  mant lC prwamctm
is L]Ie ~oolat  fraction of ]]lagucsiulo  to ilon IJIUS !oagtlcsiu]oi
y,,, (IV IR/(\ig - Fe). Iron is hot }1 less rigicl ar~cl heavie] than
Mg atld both effects  com+IJi~e  to inclease  kJ with CICCI  casing
x,,,. ‘1’]le paltial  (holdir)g  cc)] c radios,  hL]t not co]l~})osit  ior]
fixecl) is

(2)

I f  one  liloits the Ioaxilnum variatiorl in ~,,,  =  + 5% arlcl
COIC  del]si[y c})a]lgc at c o r e  prwsums atid tcrn]]c~  at ulcw 10
,{ O.:)gm CIII” 3 t Ilerl the n~axir~]urll ] angc for  tile I,ove  ])111]1-
I,et ‘ i s  0.?3 < !iz ~ 0.29. (the preclictccl  Illonlcllt  o f  illcl  tia
]allgc is quite rtar Iolv: 0 . 3 3 4  <  C/Aflt2 < 0.341)  (Ycdc]
]995). Arlc]ast  ic sof[elling at, the 58.4d  tidal flf.’xiag  p e r i o d

mi~lit  inclease  kz by a few per cent. 00 the ot her l)and if tile
COIC  ]l:LS sc)lidificcl al]d  hms a  c o r e  r i g i d i t y  o f  a}loot  ] h!lJaT”,

t}~eJ]  kz is recluccc] t o  > 0 . 1 7 .

Tidal potential moclel

‘J’lIe t idal  potent  i:il act ing  of) a spaccc]aft  at lmi~iotl r,t

. .
i s  tllc IIIa>S of tile Su]).  r(,j is tllc vecto] f r o m  Vcllus  to tile
Sut I, ~a]ld  1{ is the eqoalo] in] radi Lls of Venus,  ‘J’llcI  cquivalc]ll
t idal  COII1 I ihLlt  ic,lls 10 the norlllalizccl scrollcl  clcgp  cc gl avity
cocflicicllls  ale (e.g.  F:mfw f-t  01. 19S3)

‘Y?,,, v-”””J2.:,q[[~.i;,@
5(2+ m)!

ivllcrc  ]csl)mti~cly 0. aud o(.) are lat it uclc and longit  udc of
tl]c  S01]  lelativc  t o  \7mIUS’  figuTc. ‘1’he lmgcvidl  c fuuctioris

] ) 3 sir] +,) cos 4CJ, 3 cos2 @., fm}’*,,, (sillo. j =  (+sir12  O(.)  - z ,
t mm al older rrt = O. 1, 2, respectively. Since t IIC Verlosiall
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lalit tldc of the SutJ is < 3 ° , L]lc only sigr)ificant  tilr!c valyillg

te] ms occur  for  the 15CZZ and ASM coefficients. ‘1’he exlwct cd
zm~l~lituclc  fcn tfm  ncmnaliz,ecf  cocfiicicllts  fol a  nolnirlal  lmvc

uulobcr of 0.25 is 70 x 1 0-1 0 for a mar Venus orbitm COIII-
~)aled  tc) a s! aTldard  deviat ion (fcmnal  0) for fizz CLIId  322  of

9xlo-]0 for tl)e colnbineci data sets.
Colwidel tllc IJopl,lcn v e l o c i t y  sig!lal  v. fro]]] all ol I>itillz

s a t e l l i t e  nmu the planet ancl in a circLllar  orbit. ‘1’hc ladial
l>w’L wl)icll c{c})cnds o n  solaI  longitudc  ~{,j and cat)  t~e scl)a-
I ated from Vcvmsian  gravi ty perturbat ions is  (Yodel 1995)

‘ilJ.t(r dial)  = -  ,4211(’)?)s,  (%)2 Cr(A,.,)

- o.5k2c(A(.))111111 /s,
(4)

with

C(AO)  =
4 COS4 ~.1 cos(2Ast  -- 2A(.) )-I
4  sin”  #J cos(2Ast  + 2A(.I - 4&1) (5)

siu2 J cos(2A,1  2Q,1)

III,a.ss, ladies and orbit  al semi-ltlajor axis, rcsl)ectively,  .1 is
l}tc sat  cllitr illclinaticm to tl]c eqLlat 01 a n d  ASI and Wt  al c
satclli(e  mean k)Ug;t,Ll[k  and noclc,  res~)cct, ively,  Since Vet)us
lot ales  let logl  ade, t,flc VcllLlsiall  so]al  ‘day’ is 116.75 cat  t II
days,  wl)ilc  tfic p] iloary ti[ial f l e x i n g  peliod is 58.4c I.

‘1’hc t w o  data s e t s  analymcl  arc oul  lirlcd  by l{ol]c)l~liv
.a])cl  Sjoglm ( 1 9 9 4 )  aucl illcl  Llclc the }’iomm VctlL1s (h bit c1
(l’\’()) l)o1)I,IcI II acking (ort,ital  c = 0.8 wit]!  pclia]m I:Lt Ig-
i]]g, froli!  a ‘high’ 10f)Okl~l  to a ‘low’ 150k~n)  flc)n~ t~c~i]il~inp, of
]nission ill IIeccvnlm of 1978  to Sel]t  embcl,  1982 cmd NIagcl-
Ia)) IJOIII)lCI  ttackillg  f!cnll bcgil,~]il!g  of  the glavity  C-YCICS 4
(r = 04, pcria~m  all it LlclcY ] 70kln) al)d  ~ (c = .02, Zl}~O[l]MC’

alt  it odw bOOkl[,)  ill SclJtcvrltwr  1992 to erld  of l)lissioli  ill oc-
tc)l)cl  1994 duriug cycle  6. ‘J’hc Venus t  icfal eff’ect  niusl lw
sel]at atcd f]o]f] otl)el forces that a) c dcl)efldel]t  m] t 1]0 local
SOIW tittle sucl]  a s  r a d i a t i o n  ])ressure  due tc) V e n u s  altwdc)
aIIcl at Inos])llcric dr ag.  111 solot  iol]s  fot t}lcsc  fo] cm, tlic t idr
~cwerally  co] relates with 0] bit })alameters  dcsclibit)p,  spacc-

CI aft slalc  vcct  or  and solal plessule and all~edo  co] I  elat  c
w i t  1] d]ag. ‘J’lIc all)cdo is fail  ly well  detell,liiled  fo] t l]c I’\/()
Iligll al t i tude mt)its  but the tidal cflmt is I,cttel dctcttllillc(l
fol t IIc low alt  itucle  0] I)its.  Figul es 1 a MICI 11, SIIOW tyl)ical
1 adia[ accclmat icn] plofltcs fol (he Magcllall  I}lc- at[d  Imt-
acml~l.akilj~  01 I)its,  rc.spcctivcly. ‘J’hc d] ag fell m is sulwtall  -
t  i:lll~  s1ll:ll}c’1 fOl” h’!ag~llall  t h a n  ‘]ow’  ~’v~) dLIC’  tO t]l~  ]owC1

SI)tK’CCI  af[ ve]ocit  y Ll)]ougl]  t.]ic at, LI]os})llcIc.  ‘J’}ic t i<l:ll fol cc

folcc lm[laills  the same 011 the Ilightsidc  of Vcmus while tlm
albcdo fcncc vallisllcs  and t h e  d r a g  folce dilliillislles  by an
o] dm of lnasllit Llcle. ‘J’he Magcllan l)o})l]le]  dat a at X-lm]]d
( 8 . 4 3 5  GIIY) is at, o,cfel  C)f  l],agl,itL,dc lCSS IIoisy  t},m,  I’V()
S-l)all(l (2,2 Cl]z) data.

‘J’i]c solllti(,))  IJ]OCCCIUIC  (Kono}~liv  cl cl. 1993)  fi~sl irl-
volves  blealiil]g  t hc l)op~dc]  t [ticking dai a (scvct  al ltlillic)ll

obscl vations)  into dynalnically  contil)uous  t  ilnc slmls  or
dat a ales fol prc)ccssi]lg  (cmv  800  CMcs).  A r c s  LUC UI) t o  1 0
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days in ko.gt h for  PVO data aod are general ly OIW day fol
h4agellaIi.  llotl) ‘local’ and ‘global’ parameters are estiloatcd
fol each arc. Arc depcndeot dynamic local forces es t imated
f o r  Magclian it~ t}~c g e n e r a l  oxdcr  of tllci~ in~],ortancc  a r c
s}jacecraft  st ate. at:oosl)hcric  deosit,ics (for s]~acecl  aft  drag),

vclocit  y dclt .m from momeotum  wheel desl)iuniugs,  solal I a-
diatioo pressule Cocfficicrtts, slnal] v e l o c i t y  illcrclnellts fol

star calibrat.  iorls. acceleration vectors for spacecraft 01 iell-
tation changes  to heat or cool dowo the spacecraft, VCJIUS
all,cdo arid  I)opp]er  b i a s e s .

Nonlinally.  the following .gIol)al pal ameters  alc estimated:
the g r a v i t y  fie]d  to deg[ce ancl older  40,  the gt avitat ional
co)mtal]t  til[lcs  tllc mass of Venus (GM), t}lc clJIImIlcI  ides of

the hkwth a]ld  Vcnos (12 parameters) ,  aud the tidal kz I,o~’e
lIuInl~cl.  ‘J’lic global g) avity mode] of Venus is dctclmined  to
about. de.qee  and order 40 (Konopliv and Sjogleri,  1994) and
is t}lc x atio~lale fol- clloosillg  this  dcgrcc cutofl,  I1OWCVC1  , to

i n v e s t i g a t e  I}!e scmsitivity of the Iiovc  numbcv  solutiol]j  t}lc
full St avity field is csti~oated for various dcgwe  and ordels
(wit},  a maxit,lu!o o f  9 0  o r  8 2 7 8  palamctels)  ‘1’hc  tc,l~fs
c)f t,tle ~ravity field bcyonci  the degree and order being cst i-
]t)ated are fixed to the ~lominal  gl avity solut ion (a  90t11 dc-
g] cc field). All gl avity sc]lut ions are ccmst 1 aiucd by au a lwi-
o]i  of 1.2 x 10- 3/n2 (Kau]a, 1966)  except for ouc  ‘JOtl] deglee
solllt,  ion with a spatial ly ~arying a priori condit  io]l as out-
lillcd  t)y Kooopliv atld Sjogl  cn  (1995). Also Vcous’  pole a n d
fol aliolt rat c aIc cit  her  esliloatrcl  0] arc fixrcf by tllc I adal
illlagi]l~ (SAl{) (e. g.. l)avics et al ,  1992).  Fixed pole solu-
tiotls will cvm[t  ua}]y be J]rcfcl  led once .9AJ{-clctcll])ir]c[l  po]c
0] icllt at ioli  muploys  i m p r o v e d  spacecl aft el)l]cmlel  is modcl-
illg.

‘J’llc obsel vat  ioI1s  ale })rc)ccsscd  usiog  a square  Ioclt ilLfOl-
IJlat ion wcig}lted  l e a s t  s q u a r e s  f i l t e r  (Bimorul, 1977’)  wit II
Ilunlcrical]y  stal~lc  o r t h o g o n a l  llouscholcie]  tralwfol IIlat iolw
(0] lnoclified  Givcns transforluatiom)  u s e d  t o  triallgolzrTizc
( i . e .  ])ack)  t IIc ot,se, vat  ioos. ‘1’he global ~,al  artlctcrs ale dc-
tclllliTlcd  w i t h  a  tccllrliquc (Kaula,  1966;  l{;llis 1 9 8 0 )  t}lat
rnclgcx only the global ]Iararllctcl  ])oltion of i,hc squaw  loot
illf[~rltlat  ion arl  ays  flo~n all the data arcs, but is cqui~’almll
to solt,i])~  fol. Il)e  glc)bal  pa]  anlet  cls plus local ~)al amctcls of
all arm.

I,OVC NumbcIs Solution

‘1’ht)lr la lists the Joie ]Iufttbm  solutions fot dill’etcl}t  data
cmul]inat iclns and t hc  cst  imat ion of a 40(11 dcg,rec  arid  order
glavily  field.  ‘J’lie norninat kz I,ovc  nulubcr solu~ioll  w i t h  tfie
collll)i]icd  d a t a  sets (1’\’O al)d  MGN cycles 4  and 5 IIlos  6)
al~d a realist ic er rc)r (t Iricc t l~c for ma]  st andal d dcviat  iotl)  is

kz = 0 .2954  0 .066 ((i)

‘J’hc cst  imatecl ~mlc solLltion  is Choserl  since t he statistics i!)-
dicatc t lmrc  is irn])ro~cd  pole clctcrmination  over the I adaI
i]l]agi]]g  (SAI{) values. ‘1’able  1 b lists t Ilc lJOW rlumhcr  sc)-

]utiolis  fol csliroat ion of diffmcot  dcglce and oIdcr g,J avi t  y
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fields  as a t cs( of solutioli st al, ility ‘1’hc h~GN  cycle 4 data
i s  froll]  a lligllly cllil)t,ical  01 bit m]d  t,flc gl at, ily f ield is  less

we l l  clctemlincd  ncm Venus’ p o l e s . ‘J’tll? IJOVC! Ilumbcl so-

Iutio]ls wlwli  cstilnating  a low dcgtcc field  ( 2 0 ,  3 0 ,  4 0 )  afc
st al)le,  IIou,cver,  llIC disclcl~ancy  bct,wccll  t hc  f i x e d  al)d  cs-
tiltlatcd  l)oIc s o l u t i o n s  progtcssivc]y inmcases as dcglcc  ir]-
clcascs flol,l  50 10 90 cfuc to overest imation of  t}lc gl avity
field.

Sillcc  tfle g r a v i t y  field  ftom MGN cycles 5 and 6 (a  ncm
c i r c u l a r  orbit)  is better Cldermil)ecf  011 a global scale,  t h i s
so]ut,  ion is moI  c stat)lc .a.s cfegfec inct  cases. W}ICII all clat a

i s  illclodcd ill t,hc solutio]lj  tl]c solutioI1s  alc a l s o  stalIlc as

a funct  ion of degree,  Wc, howcvc]  , as  a IJlcTaot  ion plovidc
a realist ic ulicertaini,y  for kZ of  twice the!  forlnal  o s i n c e
sc)lul, ions for tflc illcf ivictual  gravi ty cocfficicllts  can I’ary  I)y
]IIOIC  than 2 3  x  m fol cfiflmcnt data combinat  ions.

I’1010 eqs.  1  and 2 ,  a rmmitla] kZ G 0 . 2 9  irnplics that
citllcl tllc II)alltle is  l[iorc iron licll t.tiall  ealtll’s  lnalltlo with
x,,, = 0.74 (co~npamc]  to a)) ear th-l ike value of  0.89)  o] t hc
cole is Ia]gcr  t l~a~l 3 1  20kIt~ radius  b y  about  200k111°  allcl i s
l e s s  ilcm Iicl] ttlan cal  th’s c o r e  (that is, Lhc Vcrlusiarl  cc)le
I)as a I)igllcl  I]crcct)t  agc  of  Iigllt  alloy as cOI~)IJaI cd t o earl 11’s
Cole).

‘1’IIc almve result  suIq)c,r  ts t tic hypot llcsis  t IIat  Vcnlm’ ccnc
i s  liquicl  ccjuntcl  L o  solne Vcnusia]l  t,llctl[lal  cooling ll~oclcls
w}lich ])lcclict  a solid CO]C (Alkal]i-IIamccl  aIId ‘J’olcstiz  1984).
‘1’hc fluidity of the ccmc  clisc[inlinatcs bctwcml Itloclels  dcwcl-
o~)cd t o cx~)laill  Vcl]us’  fl ec ot)liquity (Yoclcr  1 995),

}“utllrc! prospc!ds

‘J’hc  l)o~)j)lcv  lcsicluals  flolll MaF,cll:lu  c y c l e s  5 and G clata
set, st ill show sul)st ant ial  grsLvit y signat ulcs due to its llcal
ci[culal  0] I)it wllic}l Cfefitiitcly  afi’ccts  t Ilc otl]it  al Iml attlelcls
fol Vc]lus  ancl ~llay aflcct kz. ‘J’hc  l)oI)plcI  t~ias solut ions
coltclatc  wit }) i he S( ml)~ gI avit,v  sigl)at UI m of t IIC At la alkd
llct a wgi(,lm.  C;UI I cllt })lans  arc to solve  fol a 120 dcgt  cc al)d
ot CICI field wit 1) Ioligcr  3 day dat a al cs and bet t c1 ]Ilodclirlp,
cc)l)sl  I ailll,s  slid IIlcdia calit)lat iol)s. ‘1’hc’  filst  Clcll)elll  Sl)[)uld

iln]jlove IIlodeliljg c)f c y c l e s  5  and 6 gl avity dat a mid  t IIc
srcolld  sllcjulcl  iltl~)lovc  s~~acccl  afl 01 I)it slat  c \rcct c~l st al)iiit  y,

No  ncw  )Ilissioll  10 V e n u s  w h i c h  involves  O] l~i( ill~ sjmce-
c] aft al Ic1/ot sul fare la]i(lcl  is ])] cselltfy  colltcl[)I)lal  cd. ‘J’llctc-

fu] c t lir c,llly I casot)al)le  cx~,fct  atic,n  fol inil)lovclllctlt  ill t }IC
IN, VC lllll!ltx?l [Ict<llllit)tttiol)  IIIUSI  co[fic  flotti iol{noved IIKX-
cli]lg  of the illagclltLll  dat a. Alt  bough t  }Ic at)ovc  cllm]gcs  ill
[LllalySiS  m a y  rcxlucc  1 llc, scat t c1 .src]] in ‘Jh})lc 1, it is ull -

lilwly  to leclucc  the folmal si.cyna, in fact, i t  loay sligtlt  Iy
i]]crcasc  it. A ]]IOW ]e]l~ot c Inoclcllillg  cl)z]]gc  wllicll  lccluil  m
colwiclel  al)]c cflorl t o iln~)lclncnt  is to colwiclet  a new  da!  {L
ty})C, iT,fcfgrofcci  ])o[)lJIcI  (i.e.  cliflclerlt  ial  lan~c), ‘1’l)is trCll-

IIiquc  IIligllt  illcwzLw tllc Iolv flcquency I csolving ~x)~rcl o f
t h e  d a t a .  IIowever,  tllc sola]  l)lasma (Icd)  IIoisc  cl!at  act  c1
\vill limit its uscful!lcss  (\Voo  1 9 7 5 ) .

‘1’al)lc 2  l i s t s  t he  ex~)cctcd  t i da l  l)o~~})lc]  signal ulc scc~l
I,y a spacco  afl 0] t)itil,~  l]car t hc suI  facr of  I I]c t c[lcstrial

<‘J
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platlct.s, Moon and ot}lw sa t e l l i t e s . ‘J’}lis  list indicates that,
this l!lc:Lsurclnellt  call bc pursued ill future s~)acc ~nissions  as
a d v o c a t e d  by W u  ct al. (1995)  for  hlerculy and by IIilton
(1992)  for  h~als. ]tnpro~’c!]]lcllts  ill the r a d i o  t r a c k i n g  sys-

tclt)s (t,oth l)oI)}Jlcl  a n d  range) a n d  p o t e n t i a l  imlrLlmcllt
additions socl]  as spacecraft accelerometers to clircc. tly lnc:t-
SUIC  t,flc llollgt  al,  itationa]  fol ccs  sl)ould fm l)llrsucd  arid  t h i s

kz ~,al  alnctcv along  with the pclmancnt gravi ty ficlcl sliould
bc a lwiolity for consideration in missioll  cfcsigt].
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l“igum 1 . l’ledictcd spaccc]aft  a c c e l e r a t i o n  dllc t o
tidC’S (llOHlill&d  k~ =  ().~fi),  dlag :1]](I ?l]bCdO fOl”  NJ(;N
cycle 4 (1 a) mid cycles  5 and 6 (1 b) cvalllated  at Ilooll,
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‘1’al,lc la: l’crtential  kz Ijove  nombcr  solot i o n s
willl a 40tll degree and order  ~ravity field

F’ixccl I’olc l,ktilriat,ed  Po]c

Dalnes  Ct (rL & Rot,at  ion Rat c

J)ata (1992)
}’VO 0.2114 0.244 0.2303 0.244
Cycle! 4 0 . 2 4 9 3  0 . 1 3 4  0 , 2 4 5 4  0 . 1 3 4
I)VO+  Cyc. 4 0.3224 0.093 0.279 + 0.093
C y c l e s  5 ‘!! 6 o,~~g  + (),()6] 03014  0 .062
hf G N 0.311 + 0.034 0.3143 0.034
}’VO+  MGN 0 . 2 8 9 4  0 . 0 3 3  0 . 2 9 5 3  0 . 0 3 3

‘1’atdc ( l b ) :  Va r i ab i l i t y  i], kz doc (o g,lavity field
cleerce  and Vcv)us ~ole and r o t a t i o n  lnodel
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—~,
1 )at a I )Cg. I)autcs  rt 0/. Estiioatecl
h~ (; N
4
4
4
4
4
4

0.2793 0.123
0.268,1 0.132
0.245s 0.134
0.2554 0.136
0.267 II 0.136
0309 i 0.138

(1992)
0.2S2  3 0.123
0.2764 0.132
0.?49 :i 0.134
0.’237 ~ 0.134
0.2283 0.135
0.22!5 3 0.135

o,~99  -J ().053

0 . 2 9 2 3  0.0!58
0 . 2 8 9 3  0.061
0.296  + 0.0(;4
0.308 + 0.066
0 . 3 1 9  II 0069

0.2823 0.030
0.’287 ,{ 0.031
0.2893 0.033
0.?92 3 0.033
0.292 + 0.034
0.301 ,1 0.035
S[,al ial

0 . 3 0 6 4  0.035

0 . 3 0 6 3  0.054
0 . 3 0 3 4  0.059
0.301 ,1 0.062
0 . 3 1 1  :{ 0.065
0,3234 0.067
0.337 i 0.070

0.2843 0.030
0.291:1 0.031
0 . 2 9 5 4  0,033

0.2993 0.033
0.3004 0.035
0 . 3 2 0 4  003G
const f ailit



‘J’al,lc 2 :  Orbiting Spacccraff,  Scusitivity to k2—
11(XIJ’ }1 11, kz kz?),jl

Xlo” 8 k]o/scc mlrl/scc

Melcllly ““ 45,06 3.14 0.35 0.50
Vcllus 7.15 7.33 0.25 0.13
}’;art h 5.09 7.91 0.30 0.12
h! 001 I 123 1.68 0.030 0.06
Mals 1.02 3,55 0.14 0.005

10 2.1 x  104 1,81 1 380
JhIIopa 1522 1,43 0.03 0.65
‘lit al( 346 1.87 0.03 0.2.— ——

‘J’hc l,]anel al y 11 = (Jf{.,/Af)(l{/a(.,)”  (sell CC,, 4 )  c!x-
ce],l fo] I+hth, fot w h i t ] ]  (}lC h~oon is do]tlinant  a]icl 11 =
(11,,, /Af)(l{/cl,,,  )3. 1{’01 Syllch],onollsly  lot at ing  s a t e l l i t e s ,

SUI face  ortjit,il]g  vclocit y, l,;xce~)t  for  I<; alth aucl h!oon,  tllc

A  sl,acccraft flyl)y  of a body caoscs  all acloss-t  lack ~,cloc-
iiy cllal]gc,  N 1 .5nkz Il(~~02/~jSl,  )(l{/)sl,(  Itli]l))2r Sl,(Ir]ill)  rl,.
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ionosphere and a representative neutral atmosphere. The four extremes of the diurnal and
solar cycles have been represented based upon the typical mid-latitude ionosphere electron
densities [Rich and Basu,  1985; Kcllcy, 1989]. Table 2 shows the residual bending angle
error at 60 km altitude left after calibration for each of the four cases.

l’rcsiwrc  and Tcmpcrotwe

The nighttime solar minimum error is very small and the nighttime solar maximum
and daytime solar minimum errors are sufficiently similar that only daytime solar maximum
and nighttime solar maximum errors will considered further. The impact of the daytime,
solar maximum ionosphere on derived refractivity, pressure an(i temperature is shown in
figures 15-17. Analogous results for nighttime solar maximum ionosphere conditions arc
shown in figures 18-20. The Abel and hydrostatic integrals in figures 15-20 were initiated
with occultation data at 60 km. Refractivity errors increase approximately as the square
root of AZ and fractional refractivity error therefore grows approximately exponentially
with height. “l’he geopotcntia]  height error in figure 16 indicates that residual ionosphere
during daytime solar maximum conditions will limit accuracy above 25 km altitude. The
peak temperature error of 6.5 K for daytime, solar maximum conditions occurs onc Frcsnc]
diameter below 60 km and a secondary peak of - 1.5K occurs near 43 km (Figure 17). The
temperature error for all cases goes through z,cro near 50 km, consistent with the square
root dcpcndcncc  of refractivity error on altitude (Section 3.2). The other three ionosphere
cases do not appear to limit accuracy.

l)i.wwssicw

The fractional errors in density, pressure and temperature all decrease rapidly with
decreasing height because the density, pressure and temperature errors vary slowly relative
to the exponential dependence of pressure and density on height. The negative bias
apparent in the refractivity errors in Tab]c 2 indicates that the calibration scheme clcfincd by
e.q. (3.7.2), overcorrccts  slightly for the effects of the ionosphere and may be the one
source of error which leaves a systematic bias signature in the retrievals. I’hc temperature
error behavior will be somewhat more conlplicatcd  as indicated in figures 17 and 20.

l’hc residual ionosphere errors in figures 15-20 can be improved using a better
calibration scheme which leaves a residual zero-mean error. Higher orclcr  corrections to
upward-looking ground-based GPS receiver observations have been developed to reduce
errors by an order of magnitude [Bassiri and Ilajj, 1993]. A similar higher order correction
schcmc should rcducc ionospheric residual errors by at least a factor of 3. Nighttime
observations at stratospheric attitudes should bc very accurate for climate studies using the
first order correction.

Cmwits

The double Chapman layer representation of the F and E regions of the ionosphere
used in the simulations presented here is realistic in a first order climatological sense.
IIowcver,  it contains neither horizontal nor small scale. variations in structure. In the
prcscncc of horizontal variations, another source of error not considered here enters in the
inversion process because the total bending is derived based on the assumption of spherical
symmetry of the total index of refraction. This assumption is far less accurate in the
ionosphere than in the neutral atmosphere duc to the fact that the ray probes the ionosphere
with a much longer scale than the ncutra] atmosphere. However, the error introduced by
the non-spherical symmetry of the ionosphere is of orclcr  ( 1 /fz) or higher (simply because
the total ionospheric bending is of order (l/~) or higher); therefore, the linear combination
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